Abstract Rapid and somewhat surprising advances have recently been made toward understanding the molecular mechanisms causing heritable disorders of hypophosphatemia. The results of clinical, genetic, and translational studies have interwoven novel concepts underlying the endocrine control of phosphate metabolism, with far-reaching implications for treatment of both rare Mendelian diseases as well as common disorders of blood phosphate excess such as chronic kidney disease (CKD). In particular, diseases caused by changes in the expression and proteolytic control of the phosphaturic hormone fibroblast growth factor-23 (FGF23) have come to the forefront in terms of directing new models explaining mineral metabolism. These hypophosphatemic disorders as well as others resulting from independent defects in phosphate transport or metabolism will be reviewed herein, and implications for emerging therapeutic strategies based upon these new findings will be discussed.
Introduction
Hypophosphatemia can result in the striking presence of rickets in children that arises through a delay in endochondral ossification [1] and osteomalacia in children and adults, therefore proper maintenance of blood phosphate levels is crucial for bone health. Over the last 2 decades highly significant clinical, genetic, and translational studies of disorders of hypophosphatemia have provided key molecular insights into the systemic control of phosphate handling. Although the molecular mechanisms are unique to each disorder and reviewed herein, elevated fibroblast growth factor-23 (FGF23), acting through its co-receptor αKlotho (αKL), is associated with multiple syndromes characterized by the hallmark biochemical phenotype of hypophosphatemia with low or inappropriately normal 1,25(OH) 2 vitamin D (1,25D). These disorders include: autosomal dominant hypophosphatemic rickets (ADHR), X-linked hypophosphatemic rickets (XLH), autosomal recessive hypophosphatemic rickets (ARHR types 1-3), as well as the paraneoplastic disorder tumor-induced osteomalacia (TIO), which arises from over and unregulated production of FGF23 by a tumor. Hyperphosphatemic familial tumoral calcinosis (hfTC) is the biochemical reciprocal to ADHR and XLH, and is associated with loss of function mutations in FGF23 itself, genes controlling FGF23 stability, as well as αKL. This review will highlight the Mendelian disorders involving hypophosphatemic rickets, focusing upon recent aspects of novel FGF23 control of mineral metabolism, as well as emerging therapeutic approaches that could have impact on common diseases such as chronic kidney disease (CKD).
Multi-Tissue Control of Systemic Phosphate Homeostasis
The majority of systemic phosphate homeostasis occurs through endocrine control of feedback loops involving phosphate absorption in the intestine, reabsorption in the kidney, and long-term storage in bone. Although its primary role is to control serum calcium levels, parathyroid hormone (PTH) has a major effect on serum phosphate concentrations. The type II sodium phosphate co-transporters NPT2a and NPT2c reside in the apical surface of the renal proximal tubule, and NPT2a is rapidly down-regulated following PTH delivery via the PTH/PTHrP receptor [2] . PTH up-regulates the kidney 1-α-hydroxylase (Cyp27b1) mRNA, thus, increasing the production of active 1,25D. Circulating 1,25D stimulates calcium and phosphate absorption in the intestine and reduces PTH production. When mice were injected with 1,25D, serum FGF23 concentrations rose before detectable changes in serum phosphate, and these FGF23 increases have been faithfully mimicked in bone cell lines in vitro [3, 4] . FGF23 has the same effect as PTH on NPT2a and NPT2c expression in the renal proximal tubule (PT), but elicits opposite effects on 1,25D by down-regulating Cyp27b1 and increasing Cyp24a1 [5] . When 1,25D is elevated in the blood as a product of Cyp27b1 activity, 1,25D increases FGF23 in bone, and circulating FGF23 completing the negative-feedback loop in kidney. Thus, the net effect of elevated circulating 'intact' FGF23 (iFGF23) is hypophosphatemia with inappropriately low or normal 1,25D. Evidence from short term (hours) studies also supports that FGF23 suppresses PTH by directly acting in the parathyroid gland as this tissue is known to express αKL [6, 7] , consistent with a feedback loop where PTH increases FGF23 in bone [9] . Interestingly, parathyroid-specific conditional deletion of αKL points to an FGF23 effect on PTH secretion that is mediated through an NFAT pathway, as serum PTH and calcium-responsiveness were not different in the absence of parathyroid αKL [9] . Certainly, these endocrine feedback loops are complex as highlighted by the fact that in the setting of late-stage CKD, both PTH and FGF23 are elevated, pointing to the concept that depending upon the physiological or pathophysiological context and the length of time, these hormone systems may interact in ways that are different than those seen in studies lasting a short duration.
FGF23 Activity Bridges Bone and Kidney Phosphate Handling
FGF23 requires the co-receptor αKlotho (αKL) to mediate its biological effects. αKL is produced as several isoforms: the 'membrane' bound αKL ('mKL') form is a 130 kD single-pass transmembrane protein characterized by a large extracellular domain that interacts with FGF23 as well as a short intracellular region not capable of independent signaling [10] . The mKL protein can be cleaved near the transmembrane domain by membrane-bound secretases [11] , giving rise to a circulating form of αKL, 'cut-' or 'cleaved-KL' ('cKL'). mKL permits FGF23 signaling after the recruitment of canonical FGF receptors (FGFRs) [12] , whereas the potential functional significance of cKL in terms of FGF23 is emerging (see below). Some findings support specific interactions between FGFR1c and αKL [13] , but additional studies indicate that FGFR3c and FGFR4 can mediate FGF23-αKL signaling. Studies involving conditional-null mice support that FGFR1 may be more important for phosphate homeostasis, whereas FGFR3c and FGFR4 may play a role in vitamin D regulation [14] . Consistent with FGFR signaling, renal FGF23 bioactivity appears to be primarily mediated through mitogen activated protein kinase (MAPK) cascades [15] . The vast majority of αKL protein, as well as initial MAPK signaling following bolus FGF23 injections, primarily localizes to the renal distal tubule (DT), whereas the NPT2a and -2c transporters, Cyp27b1, and Cyp24a1 localize to the proximal tubule (PT) [16, 17•] . Although immunofluorescence supports that a small proportion of αKL may localize to the PT, conditional deletion of αKL from the DT (using Ksp-Cre) resulted in hyperphosphatemia and elevated iFGF23, similar to global αKL deletion but less extreme [17•] . In addition to its effects in the PT, recent evidence suggests a direct role for FGF23 in regulating DT Ca 2+ channels [18] . Although to date there has been no stand-alone 'phosphate sensor' protein identified analogous to the Ca 2+ -sensing receptor (CASR), FGF23 increases are associated with increased phosphate intake in mice and humans [19, 20] . Recent evidence also supports that calcium stimulates FGF23 in vitro and in vivo [21] , thus, FGF23 is required to complete critical feedback loops for maintaining mineral ion homeostasis.
FGF23 Serum Assays Provide a Valuable Physiological Tool
Circulating FGF23 concentrations are measured using several commercial ELISAs, and as described below, these assays have proven important for understanding a novel, secondary level of control for plasma bioactive FGF23 protein (see ADHR and ARHR-3). Human-and rodent-specific ELISAs were developed that utilize two captured antibodies that recognize FGF23 antigens 'C-terminal' (cFGF23) to the FGF23 176 RXXR 179 /S SPC cleavage site (from Immutopics, Int'l. [22] ), and, thus, recognizes both bioactive, intact FGF23 (iFGF23) and C-terminal proteolytic fragments that arise from intracellular cleavage of the mature hormone. An ELISA that uses conformation-specific monoclonal antibodies that essentially 'span' the 176 RXXR 179 /S 180 SPC site in terms of antigen recognition sites detects bioactive 'intact' FGF23 (iFGF23) across a wide variety of species (from Kainos, Inc. [23] ). The intact and C-terminal assays largely agree for FGF23 concentrations in patients with XLH and TIO, but as described herein, the ELISAs can be diagnostic for altered FGF23 regulation under specific disease circumstances.
Hypophosphatemic Disorders Reveal Novel Control Points in Mineral Metabolism
The heritable hypophosphatemias involving FGF23 are caused by alterations in genes that affect bone cell function or differentiation, with a common denominator of elevating iFGF23 by 'over-riding' the potent suppressive effects of low serum phosphate on FGF23 transcription (summarized in Fig. 1 and see below) . Furthermore, the control of serum iFGF23:cFGF23 ratios is emerging as being an important product of a complex synopsis of factors associated with calcium and phosphate balance in combination with factors that appear to lie outside traditional models of phosphate handling.
Autosomal Dominant Hypophosphatemic Rickets (ADHR; OMIM 193100) Recent advances in the study of ADHR have led to novel insights underlying the molecular mechanisms controlling iFGF23 concentrations. ADHR is caused by gain of function mutations in FGF23 that occur within the RXXR/S motif that comprises a subtilisin-like proprotein convertase (SPC) proteolytic cleavage site ( 176 RHTR 179 /S 180 ), that separates the conserved FGF-like N-terminal domain from the variable Cterminal tail [24] . The ADHR mutations substitute arginine (R) residues at positions 176 or 179 to glutamine (Q) or tryptophan (W) [24] [25] [26] , and make FGF23 more stable (Fig. 1) . Indeed, following expression in vitro, ADHR mutant FGF23 is detected primarily as the full-length, intact 32 kDa form upon immunoblotting, whereas WT FGF23 is more labile, thus, less readily detected as the intact form, with more apparent 20 kDa (N-terminal) and 12 kDa (C-terminal) fragments. The trans-Golgi network (TGN) enzyme UDPGalNAc transferase 3 (GALNT3) is known to O-glycosylate of iFGF23 through permitting GALNT3 activity. TIO tumors over produce FGF23 mRNA due to unknown molecular changes and secrete high levels of iFGF23. Circulating iFGF23 acts in kidney through mKL and FGFRs (potentially FGFR1c) to down regulate NPT2a and NPT2c and Cyp27b1, and up regulate Cyp24a1. Whether FGF23 acts in the kidney distal tubule first, then the proximal tubule through an alternate receptor system is unclear. A syndrome of iFGF23 excess also occurs through over-production of cKL, which likely acts through osteoblast/osteocyte FGFRs to increase FGF23 mRNA. The net effect of increased iFGF23 is to reduce renal Pi reabsorption and 1,25D production, thus, resulting in hypophosphatemia, causing osteomalacia and fractures FGF23 on T 178 within the 176 RHTR 179 /S 180 motif and prevent its proteolysis by SPC enzymes [27] , indicating a dynamic role for this enzyme in controlling iFGF23 production. In support of this model, inactivating GALNT3 mutations in humans and gene ablation in the GALNT3-null mouse results in hfTC through increased SPC proteolysis of iFGF23, and, thus, the inability to reduce serum phosphate [28, 29] (also see GALNT3 interactions with FAM20c in ARHR-3 section below). In the converse situation to ADHR, FGF23 loss of function mutations also result in hyperphosphatemia and hfTC due to destabilization of iFGF23 [30] [31] [32] . Both GALNT3-hfTC and FGF23-hfTC mutations result in a signature. ELISA profile of low serum iFGF23 with a correspondingly marked elevation of cFGF23 [30, 33] , created by a positive feedback loop in a physiological attempt to compensate for the prevailing elevated serum phosphate but in the context of an unstable FGF23 protein.
ADHR is unique among the hereditary disorders of hypophosphatemia, as this disease is characterized by either early or delayed onset with variable expressivity [34] . The origin of the 'waxing and waning' of the ADHR phenotype has recently been addressed through both clinical and translational studies linking FGF23 and iron handling (see below).
FGF23 and Iron Metabolism
Iron metabolism has recently been associated with altering FGF23 expression and being at least in part, responsible for the clinical ADHR phenotype. The late-onset ADHR disease courses can occur during physiological situations of iron deficiency/anemia, including puberty and menses onset as well as postpartum [34] , and specific formulations of iron therapy, including iron maltose, elevated iFGF23, and resulted in hypophosphatemia in patients treated for anemia [35•, 36] . In addition, FGF23 was found to inversely correlate with serum ferritin in anemic patients tested with the cFGF23 ELISA [37] . In ADHR, changes in iFGF23 parallel those of cFGF23 due to the fact that the intact and C-terminal ELISAs both detect iFGF23. Using the intact and C-terminal assays, Imel and colleagues found that serum iron was inversely correlated with iFGF23 and cFGF23 in patients with ADHR, but only cFGF23 in normal individuals [38••] . This relationship was maintained in ADHR patients longitudinally for 1,25D and serum phosphate [38••] .
To provide insight into the molecular mechanisms underlying these observational phenomena, a line of ADHR knockin mice (carrying the R176Q ADHR point mutation) were placed on iron-deficient diet [39••] . Interestingly, the wild type (WT) and ADHR mice had marked increases in bone FGF23 mRNA when made anemic, which was associated with stabilization of Hypoxia-inducible factor (HIF)-1α transcription factor, a known intracellular responder to iron deprivation and hypoxia [40] . Through these analyses, it was revealed that a significant portion of the low-iron ADHR mice had elevated iFGF23 and cFGF23 leading to a hypophosphatemic osteomalacia phenotype, whereas the WT mice had normal iFGF23 but elevated cFGF23 and normal phosphate metabolism. The ADHR iron deficient mice had reduced kidney NPT2a, and inappropriate levels of Cyp27b1 (suppressed) and Cyp24a1 (elevated), similar to FGF23 transgenic mice [39••] . Taken together, the human and mouse findings supported the concept that FGF23 mRNA was induced in bone by iron deficiency anemia, but normal humans and mice could proteolytically cleave the excess FGF23 to maintain proper circulating iFGF23. In contrast, FGF23 carrying an ADHR stabilizing mutation is not cleaved as efficiently as WT FGF23 by intracellular SPC proteases, reflected as elevated iFGF23. Further highlighting the importance of intracellular processing and the relationships between iron and FGF23, was a prospective study performed in anemic women that examined the delivery of ferric carboxymaltose vs iron dextran [41•]. Both compounds normalized serum iron; however, the iron dextran reduced cFGF23 and iFGF23, whereas the iron maltose reduced cFGF23 but caused a transient rise in iFGF23 that was associated with hypophosphatemia [41•]. These observations would explain the elevated iFGF23 in some patients receiving iron therapy and indicate that specific iron pharmaceutical preparations alter the intracellular proteolytic processing of FGF23. The altered cleavage and secondary regulation of iFGF23 could potentially occur from imbalances in GALNT3 or SPC (or FAM20c, see below) expression or activity, or some combinations of all of these. Consistent with dynamic iFGF23 regulation, patients with polyostotic fibrous dysplasia (FD) have increased production and altered proteolytic cleavage of iFGF23, leading to renal phosphate wasting [42] . Evidence points to the idea that sustained activation of Gsα increases GALNT3 activity and reduces furin activity, thus, promoting an intracellular milieu favoring secretion of iFGF23 in these patients [43] .
Iron deficiency is also common during late pregnancy, therefore to test for early onset ADHR in a translational study, breeding WT and ADHR mice were placed on low iron diets the last week of pregnancy (to mimic the last trimester) until weaning [44] . Interestingly, both the WT and ADHR mice had a hypophosphatemic phenotype with increased iFGF23, and the ADHR mice were affected to a greater degree for all variables (iFGF23, serum Pi, alterations in 1,25D and its kidney metabolic enzymes) most likely due to the stabilizing R176Q FGF23 mutation. Further, studies in normal rats demonstrated that hypoxia treatment under a situation of normal serum iron and phosphate elevated cFGF23 but not iFGF23, similar to WT mice receiving low iron diet. The in vivo hypoxic effect on FGF23 was mimicked in UMR-106 cells, which increased FGF23 mRNA after culture in a reduced atmospheric O 2 tension of 10 % (n=21 % O 2 ), and HIF1α stabilization was temporally correlated with FGF23 mRNA increases [44] . These studies point to a role for FGF23 in neonatal life, perhaps aiding in the coordination of iron and phosphate metabolism during early bone formation. In summary, recent studies of iron metabolism in normal individuals and in ADHR now points to novel 'sensing' for the optimization of iFGF23:cFGF23 ratios to control phosphate metabolism through a dynamic secondary level of protein regulation, emerging as interplay between FGF23 mRNA production, GALNT3 glycosylation, and SPC cleavage. Additionally, new data support a role for FGF23 phosphorylation in mediating the control of iFGF23 (see ARHR3 below).
X-Linked Hypophosphatemic Rickets (XLH; OMIM 307800)
XLH is caused by loss of function mutations in the PHEX gene (phosphate-regulating gene with homologies to endopeptidases on the X chromosome) [45] , a member of the M13 family of membrane-bound metalloproteases, which has highest expression in bone cells (osteoblasts, osteocytes) and teeth (odontoblasts) [46] . Patients with XLH have elevated iFGF23 as well as the hallmark biochemical features of FGF23-related diseases. Inactivating PHEX mutations have previously been associated with a differentiation defect in osteocytes in the Hyp mouse model of XLH [47] , which appears to be similar to that found in the Dmp1-null mouse (see ARHR-1), and Hyp bone FGF23 mRNA expression is elevated (Fig. 1) [48, 49] . The increased FGF23 mRNA levels indicate that the increase in serum FGF23 in XLH is due to both over production by skeletal cells, as well as potentially a decrease in secondary iFGF23 proteolysis by SPC family members [50, 51] . The interactions between FGF23 and PHEX are indirect as FGF23 is not a PHEX substrate [52] . There is evidence that osteopontin (OPN) is cleaved by PHEX, supporting that the OPN anti-mineralizing peptide would build up in XLH patients (and the Hyp mouse) [53] , however, the relevance of this finding to the pathophysiology of XLH is unclear and a complete list of physiological PHEX substrates remains unknown.
Serum phosphate concentrations tend to improve, but do not normalize during XLH therapy, which currently consists of a combination of oral phosphate and calcitriol replacement. However, serum FGF23 concentrations tend to continue to rise in response to phosphate and vitamin D supplementation, providing support for altered 'sensing' of serum phosphate concentrations [54] . To test the mechanisms underlying this phenomenon, mice with inactivating PHEX mutations (Hyp) were crossed with mice lacking GALNT3 [55•] . The PHEX/GALNT3 double mutant mice were hypophosphatemic with serum phosphate concentrations slightly, but significantly higher than Hyp with wild type GALNT3 alleles. Surprisingly, in the presence of only a slightly improved serum phosphate concentration, the double mutant mice markedly upregulated FGF23 mRNA, well above the Hyp mouse with WT GALNT3 alleles (>20-fold in 12 week old Hyp mice) [55•] . In contrast to patients with ADHR, XLH patients and controls showed similar correlations between serum iron and iFGF23/cFGF23 (albeit XLH was on an increased scale) supporting that iron responsiveness is likely not a central factor in the pathogenesis of XLH [51] . These results indicate that the PHEX mutation, in addition to potentially resulting in altered osteocyte cell differentiation, alters biological sensing for phosphate.
It is well established that male and female Hyp mice and XLH patients have similar relative serum phosphate and 1,25D concentrations [1] . To further examine a phosphate 'set point' in XLH, a study compared female mice homozygous for PHEX inactivating mutations with females heterozygous for PHEX mutations as well as male hemizygotes [51] . Both models had similar iFGF23, and the iFGF23 and serum phosphate were also similar between heterozygous females and hemizygous males [51] . This lack of a gene dosage effect on circulating FGF23 and phosphate further suggests that inactivating PHEX mutations may create a lower set point for maintaining blood phosphate concentrations.
Autosomal Recessive Hypophosphatemic Rickets (ARHR)
ARHR Type 1, (OMIM 241520): Dentin Matrix Protein-1 (DMP1), a member of the Small Integrin-Binding Ligand, N-linked Glycoprotein (SIBLING) family, is highly expressed in osteocytes. Both Dmp1-null mice and patients with ARHR-1 have rickets and osteomalacia with isolated renal phosphate loss associated with elevated iFGF23. Mutational analyses revealed that ARHR families carry mutations in the DMP1 start codon, the C-terminus, as well as in exon splicing sites [56, 57] . Translational studies using the Dmp1-null mouse demonstrate that loss of DMP1 causes defective osteocyte maturation, leading to elevated FGF23 expression and pathological changes in bone mineralization (Fig. 1) [56] . Importantly, Dmp1-null mice appear to be biochemical phenocopies of the Hyp mouse, suggesting that PHEX may also have a role in osteocyte maturation in a parallel pathway to DMP1 that leads to over expression of FGF23 (Fig. 1) . Initial data support that a portion of the bone mineralization defect in the Dmp1-null mouse can be attributed to increased Wnt/β-catenin activity, along with suppression of DKK1, a Wnt/β-catenin signaling inhibitor. Further, over expression of DKK1 in the Dmp1-null mouse led to healing of the osteomalacia via enhanced bone formation rate and mineralization [58] . Similarly, DKK1 production is normalized by over-expression of the 57-kDa C-terminal DMP1 fragment [59] . Generation of a combined DMP1 and αKlotho deficient mouse implicated DMP1 as playing an antiapoptotic role during hyperphosphatemia, which could be clinically relevant in protecting cells within a high phosphate environment [60] .
ARHR Type 2, (OMIM 613312): ARHR-2 is due to loss of function mutations in ectonucleotide pyrophosphatase/ phosphodiesterase-1 (ENPP1), a gene that controls physiologic mineralization and pathologic chondrocalcinosis by producing inorganic pyrophosphate (PPi), an anti-mineralization metabolite. Indeed, patients with recessive ENPP1 mutations have iFGF23 modestly above the normal mean as well as hypophosphatemia [61, 62] . Evidence supports that ENPP1 may regulate osteoblastic differentiation in an manner independent of extracellular phosphate (Fig. 1) [63] . Therefore, the ENPP1 ARHR-2 mutations could potentially result in a cell differentiation defect and over expression of FGF23, similar to the biological situation for DMP1 (ARHR-1) and PHEX (XLH). ENPP1 hydrolyzes ATP to PPi and ENPP1 is responsive to extracellular Pi [64] , therefore, the ARHR-2 alterations may indicate that maintaining proper ratios of PP i to inorganic phosphate (P i ) in bone could play a role in iFGF23 production (Fig. 1) . Mutations in ENPP1 are also causative for idiopathic infantile arterial calcification (IIAC), as well as ossification of the posterior longitudinal ligament of the spine (OPLL), underscoring ENPP1's role as an inhibitor of tissue calcification. Study of the Enpp1-null mouse revealed elevated FGF23, decreased serum phosphate and calcium, aortic and kidney calcification, as well as joint and spine ectopic cartilage formation [65] . Altered trabecular architecture and bone geometry were also observed, with reduced trabecular number, trabecular bone volume, and trabecular and cortical thickness in the tibia and femur.
ARHR Type 3, (OMIM 259775 Raine's syndrome; RNS): ARHR-3 is a variant of Raine's syndrome, caused by loss of function mutations in the Family with sequence similarity 20, member C (FAM20c) (also known as Golgi Casein Kinase (G-CK) or Dentin matrix protein-4 (DMP4)), and is usually lethal in infancy. However, not all Raine's syndrome mutations may be lethal [66•] . It was determined using exome sequencing that compound heterozygous mutations in FAM20c were associated with increased plasma iFGF23 in a Raine's patient [67] , who also manifested tapering hypophosphatemia with age, severe tooth decay from infancy, ectopic brain calcifications, and osteosclerosis [67] . Interestingly, Fam20c-null mice are characterized by elevated iFGF23, hypophosphatemia with inappropriately normal 1,25D concentrations, severe tooth defects, and a ricketic phenotype [68•] . It was discovered that FAM20c is an 'atypical' kinase localized to the endoplasmic reticulum/TGN that phosphorylates proteins within an 'S-x-E' motif, including a number of secreted SIBLING family members such as osteopontin (OPN) and DMP1 [69••, 70] . Thus, loss of FAM20c may reduce DMP1 phosphorylation and inhibit its expression or function, thereby producing a 'DMP1-knockout' phenocopy in the Fam20c-null mice [68•] . In accord with the noted similarities between the Dmp1-null and Fam20c-null mice, it was discovered that DMP1 levels were reduced in Fam20c knockdown cells [68•] . It remains unexplained why the dominant phenotype in patients with ARHR-3 is a severe, osteosclerotic disease whereas the Fam20c-null mice have a ricketic bone phenotype.
In addition to the effects of FAM20c on the SIBLING family members, it has recently come to light that FGF23 is a direct substrate for this kinase [71••] . In this regard, a key FAM20c phosphorylation event occurs on S180 ('SAE' motif) within the FGF23 SPC protease site 176 RHT 178 R 179 / S 180 AE. In vitro results support that the phosporylated-S180 (pS180) prohibits the GALNT3-mediated glycosylation of T178, thus, making FGF23 susceptible to SPC cleavage (Fig. 2) [71••] . Interestingly, when a FAM20c cDNA carrying a Raine's syndrome loss of function T268M mutation was coexpressed with FGF23, the mutant FAM20c only partially inhibited GALNT3 glycosylation of FGF23. This breakthrough supports that Raine syndrome FAM20c mutations that permit survival likely have partial function and reduced ability to phosphorylate FGF23 S180. This change in FGF23 is predicted to shift the cellular balance toward increased GALNT3 glycosylation on T178 and stabilizing FGF23, thus, increasing iFGF23 secretion (Fig. 2) [71••] . In addition, of the SPC proteases PSCK1, -2, and -3 (furin) coexpressed with FGF23, only furin was capable of cleaving pS180-FGF23, supporting that this enzyme is a principle regulator of iFGF23, and that the regulation of furin activity or expression could potentially change the balance of iFGF23:cFGF23 under biological circumstances of altered Pi and in disease.
Renal Failure and Implications for FGF23 Processing
Elevated FGF23 in CKD is correlated with increased mortality, disease onset, progression of left ventricular hypertrophy (LVH), as well as loss of renal transplant allografts [72] [73] [74] , and a direct effect of FGF23 to induce LVH has been demonstrated through in vivo studies in mice [75] . Additionally, ex vivo studies point to direct effects of FGF23 on acutely increasing cardiac cell [Ca 2+ ] I , which may chronically lead to decreases in contractile function or stimulate cardiac hypertrophy [76] . Understanding the associations between FGF23 and the CKD disease manifestations involving PTH, phosphate and calcium are likely to be important, considering initial studies demonstrated that administration of the calcimimetic Cinacalcet reduced plasma FGF23 (25 % reduction) vs placebo (31 % increase in FGF23) in end stage renal disease patients [77] . Further, it was reported that iFGF23 is the primary circulating form in patients with late-stage CKD, with disproportionally less production of C-terminal FGF23 fragments [78] , supporting a defect in the proteolytic regulation of iFGF23 in this disease. Finally, in acute kidney disease iFGF23 is upregulated before changes in serum phosphate, PTH or 1,25D [79•] . Taken together, these disorders point to imbalances in the proteolytic regulation of FGF23, potentially tipping the iFGF23:cFGF23 ratio toward positive iFGF23 production.
αKL Over-Expression A loss of function mutation in αKlotho was shown to be responsible for hfTC, as a patient with a H193R missense mutation in the extracellular KL-1 FGF23 binding domain had hyperphosphatemia with ectopic calcifications in the heel and brain [80] . Importantly, this patient had markedly elevated iFGF23 and cFGF23, consistent with kidney resistance to circulating FGF23 [80] . In a case that was the biochemical converse, a patient harboring a balanced chromosomal translocation (t9:13) with the breakpoint adjacent to the αKlotho gene was found to be hypophosphatemic with inappropriately normal 1,25D and hyperparathyroidism [81] . This chromosomal abnormality was associated with elevated circulating levels of cKL as well as iFGF23 [81] (Fig. 1) . To model this disorder, the cKL form of αKL was administered to mice using an adeno-associated virus (AAV-cKL). This treatment resulted in markedly increased iFGF23 and an identical biochemical phenotype to the translocation patient [82•] . Interestingly, extended AAV-cKL treatment resulted in a 150-fold increase in bone FGF23 mRNA, which would explain the increased serum iFGF23 concentrations despite low blood phosphate. Parallel studies in bone cell lines indicated that cKL-FGFR signaling was likely involved in the elevated expression of FGF23 [82•] (Fig. 1) . In support of FGFR-mediated effects on FGF23 production, some patients with osteoglophonic dysplasia (OGD) due to activating FGFR1c mutations have elevated iFGF23 [83, 84] , and FGF2 increases bone FGF23 production [85] . The physiological significance of cKL-mediated FGF23 regulation could be related to controlling circulating iFGF23 in a feedback loop between kidney and bone.
Emerging Treatments
Current therapy for FGF23 mediated hypophosphatemic disorders consists of oral administration of high dose calcitriol and phosphate. Although this therapy frequently results in healing of rickets and normalization of bone histology, growth tends to be suboptimal. Complications of therapy include diarrhea from phosphate, secondary and tertiary hyperparathyroidism, nephrocalcinosis, and potential renal insufficiency. The goal of therapy should not be to normalize serum phosphate as overly aggressive therapy can promote renal insufficiency. In light of the potential complications of standard therapy, investigators are considering therapeutic options aimed at reducing circulating bioactive FGF23 concentrations or FGF23 receptor blockade.
Recently, Carpenter et al reported results of a single dose Phase 1-2 trial using a humanized FGF23 neutralizing antibody to treat XLH patients [86•] . In brief, subcutaneous injection of the antibody resulted in a dose dependent increase in TMP/GFR, serum phosphate and calcitriol. Although hyperphosphatemia was not observed, calcitriol concentrations were elevated at several doses. Additionally, calcitriol levels peaked and returned to baseline earlier than serum inorganic phosphorus concentrations. The patients did not exhibit increased nephrocalcinosis or develop hypercalciuria, hypercalcemia, elevated serum parathyroid hormone (PTH), and creatinine, or produce antibodies to the therapeutic.
Conclusions
Recent studies of heritable and acquired disorders of hypophosphatemia have led to critical insight into mineral metabolism. Notable findings included identification of novel pathways regulating FGF23 production, as well as previously unrecognized mechanisms for dictating circulating iFGF23 concentrations through dynamic glycosylation, phosphorylation, and proteolysis. Additionally, determining the extent and mechanisms for potential FGF23 effects in cardiac tissue during situations of chronically elevated FGF23 is ongoing. These discoveries are providing fertile ground for clinical and translational investigation to identify new therapeutic targets for both rare and common disorders of phosphate handling, including direct targeting of circulating FGF23, with potential for major impact on patient care and treatment.
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